The mechanism by which K þ channels select for K þ over Na þ ions has been debated for the better part of a century. The prevailing view is that K þ channels contain highly conserved sites that selectively bind K þ over Na þ ions through optimal coordination. We demonstrate that a series of alternating sites within the KcsA channel selectivity filter exists, which are thermodynamically selective for either K þ (cage made from two planes of oxygen atoms) or Na þ ions (a single plane of four oxygen atoms). By combining Bennett free energy perturbation calculations with umbrella sampling, we show that when K þ and Na þ are both permitted to move into their preferred positions, the thermodynamic preference for K þ over Na þ is significantly reduced throughout the entire selectivity filter. We offer a rationale for experimental measures of thermodynamic preference for K þ over Na þ from Ba 2þ blocking data, by demonstrating that the presence of Ba 2þ ions exaggerates K þ over Na þ thermodynamic stability due to the different binding locations of these ions. These studies reveal that K þ channel selectivity may not be associated with the thermodynamics of ions in crystallographic K þ binding sites, but requires consideration of the kinetic barriers associated with the different multi-ion permeation mechanisms.
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ion selectivity | potassium ion channel | BAR-US method P otassium (K þ ) channels are membrane-spanning pores that catalyze rapid and selective transport of K þ ions across cell membranes (1), essential to electrical and chemical activity in the body. The ability of K þ channels to pass K þ ions at near diffusion-limited rates, while deftly selecting against the similar and physiologically abundant Na þ ions, is essential for controlling the membrane resting potential and repolarization during electrical signal propagation (1, 2) , and has been at the center of experimental and theoretical investigation for decades.
The high conductance of K þ channels has been explained in terms of a multi-ion "knock-on" mechanism (3, 4) , where interionic repulsions balance attractions to the protein to yield near barrierless permeation of K þ ions (5) (6) (7) (8) (9) . But how do these channels so efficiently discriminate against the similar (only ∼0.4 Å smaller) Na þ ions? In 1972, Bezanilla and Armstrong carried out electrophysiological recordings on squid giant axons to conclude, based on a simplified single binding site model (2, 4) , that K þ channels discriminate against Na þ ions by increased entry barriers for Na þ (a mechanism termed "selective exclusion") (10) . However, in 1988, Neyton and Miller used Ba 2þ blocking studies in BK channels to propose that a K þ channel pore contains multiple binding sites, and showed that there exists an external "lock-in" site (hampering exit of Ba 2þ block to the outside solution), that preferentially binds K þ ions over Na þ ions (11, 12) . This selective binding by a factor of ∼1;000 corresponds to a free energy difference of 4-5 kcal∕mol for K þ over Na þ , and remains the most concrete evidence that the channel pore provides a better home for K þ than Na þ ions.
The hypothesis of selective permeation via selective binding of K þ ions became widely accepted after the emergence of the first high resolution structure of the K þ channel, KcsA (13) . This structure revealed that, in the narrow pore region forming the selectivity filter (see Fig. 1 ), the backbone carbonyl oxygen atoms (as well as threonine hydroxyls) of the TVGYG sequence form a series of cage-like K þ binding sites, termed S1-S4 (Fig. 1, right) , and a non-cage-forming S0 site [as well as S ext , not coordinated by protein and nonselective (7, 8) ]. These coordination cages consist of two planes of four oxygen atoms that compensate for the energetic cost of dehydration as K þ ions enter the narrow pore. It has been suggested that these oxygen cages provide a "snug fit" for the K þ ions, while being too distant to effectively coordinate the smaller Na þ ion (13) . However, the precise, sub-Å positioning of ligands is not likely the origin of selective binding, because the flexibility of the protein backbone allows it to easily deform to accommodate the smaller Na þ ion (14) (15) (16) . In this study we do not aim to explain the underlying causes of selective binding to the crystallographic cage-of-oxygen sites, which has been the subject of much discussion in recent years (17) . What we will show is that the thermodynamic stability of K þ and Na þ ions in those sites is perhaps not what underpins selective permeation through K þ channels.
The coordination cage of eight oxygen atoms has been examined intensely in recent years using reduced models (15, (18) (19) (20) (21) , as well as KcsA itself (e.g., refs. [22] [23] [24] . These studies showed that the cage-of-oxygen sites provide selective binding for K þ over Na þ , by up to 5 kcal∕mol, reinforcing the view that K þ channels exclude Na þ ions due to differing thermodynamic stabilities in the crystallographic sites. However, while K þ may bind to any one of the crystallographic cage sites, this may not be where Na þ Fig. 1 . Fully atomistic simulation system (Left) and possible crystallographic K þ (S) and planar Na þ sites (B) for K þ (pink) and Na þ (green), respectively, in the KcsA selectivity filter (Right).
ions actually bind (23) (24) (25) (26) (27) (28) (29) (30) , owing to the preference for the smaller Na þ ion to bind to fewer ligands (31, 32) . We have previously shown that the S4 and S3 K þ sites are separated by a planeof-carbonyl oxygen atoms site for Na þ ions, where Na þ ions have been proposed to cause slow blocking from the intracellular side (24) (labeled B34 in Fig. 1 ), supported by electrophysiological studies and an X-ray crystal structure in the presence of Li þ (24), as well as structures of MthK in the presence of Na þ (30) . This planar arrangement of carbonyls has been shown to yield close packing around Na þ , whereas the cage arrangement leads to a seemingly unfavorable partial-coordination by the eight ligands (e.g., refs. 24, 27) . We demonstrate here that such planar sites exist between all crystallographic K þ sites, and that each exhibits favorable binding for Na þ . Our observation of distinct binding sites for K þ and Na þ presents a challenge for calculating relative thermodynamic stabilities, requiring special methods to ensure each ion is permitted to achieve its preferred multiple ion configurations. To achieve this sampling, we have developed an approach for efficient and convenient combination of alchemical mutation calculations, using Bennett Acceptance Ratio [BAR, (33) ] together with Umbrella Sampling [US, (34) ], to calculate relative free energies of binding to the selectivity filter. We will show that when K þ is allowed to bind to its free energy minimum position, and Na þ is allowed to bind to its free energy minimum position, all sites in the selectivity filter lose much of their selective binding ability. We will explain how this outcome remains consistent with experimental results, by carrying out free energy calculations that model the Ba 2þ blocking experiments of Neyton and Miller. These observations lead us to question the hypothesis of selectivity via selective binding and to consider alternatives originating from the different multi-ion conduction mechanisms of K þ and Na þ .
Results and Discussion
We first report molecular dynamics (MD) simulations of the fully atomistic membrane protein system ( Fig. 1 ) to demonstrate distinct K þ and Na þ selective binding sites. We then explore the equilibrium distributions of ion positions and use this information to obtain net measures of selective binding.
Selective Binding to Distinct Filter Sites. When the channel was initially occupied with K þ ions in one of the two low-lying free energy configurations, S1∕S3∕Cavity or S0∕S2∕S4 (6) (7) (8) , the K þ ions all remained in their respective cage sites (see Fig. S1 ). Now consider the configuration S0∕S2∕S4, when the central S2 K þ ion was transformed into a Na þ ion. This configuration was stable for several hundred ps, after which Na þ left the cage site for a neighboring site formed by a plane of four carbonyl oxygens between S2 and S3 (B23). The ion remained there for the rest of the simulation, suggesting a stable Na þ site does exist, even in this central S2 region.
Such a movement, from the crystallographic site to the adjacent planar site was also observed when K þ was transformed into Na þ in the S0 and S4 sites of the S0∕S2∕S4 configuration, as well as in the S1 and S3 sites of the S1∕S3∕Cavity configuration. From such trajectories alone, it is clear that one cannot correctly compare stabilities of K þ and Na þ by looking only at the crystallographic sites; by comparing these ions only at the position known to be the free energy minimum for K þ , one is biasing the outcome.
The free energy of transformation from K þ to Na þ within a particular site (ΔG), relative to the same transformation in bulk water (ΔG bulk ), has been computed to yield a measure of selective thermodynamic binding (ΔΔG) to that site. We first carried out constrained free energy perturbation (FEP) calculations by holding the ion relative to the carbonyl groups of a site. Calculations within the S2 site, surrounded by a cage of eight carbonyl oxygen atoms, yield a familiar K þ -selective ΔΔG value of þ5.42 AE 0.07 kcal∕mol. However, the lower plane of S2 (B23), yields a ΔΔG value of −3.7 AE 0.6 kcal∕mol, while the upper plane of S2 (B12) gives −2.2 AE 0.4 kcal∕mol, clearly being Na þ selective sites. Table 1 reveals that each cage site (S1, S2, S3, and S4) is K þ -selective, but that each planar site (B01, B12, B23, and B34) is Na þ -selective. We remark that the plane between S3 and S4 (B34) is the most selective for Na þ , by −4.7 kcal∕mol. This observation may explain why only that site was inferred from the X-ray structure in the presence of Li þ (24), and for density at that site in the presence of Na þ (35). Thus, each site in the selectivity filter is comprised of a K þ -selective cage and one or two adjacent Na þ -selective planar sites. One might predict from this outcome that if one transforms a K þ ion into a Na þ ion inside the selectivity filter, the Na þ ion would (eventually) move from the cage to an adjacent plane site, lowering its free energy. However, previous studies have tended to either simulate for too short a time, or have held the ion such that only the cage was sampled (7, 15, 22, 26) , missing this effect.
Equilibrium Distributions of K þ and Na þ . In order to quantify the relative stability of K þ and Na þ ions, we must know their equilibrium distributions across the cage and adjacent planar sites. Consider first the (most selective) central S2 site. The potential of mean force (PMF) across S2 for K þ (pink curve) is compared to that for Na þ (green curve) in Fig. 2C . These results have used multidimensional US simulations, to be explained below, and represent the free energy of the system as a function of the position of the S2 ion, when all other ions have obtained an equilibrium distribution of their positions. The free energy minimum locations for K þ and Na þ are also indicated in Fig. 2C (left). The K þ PMF exhibits a deep minimum in the cage of S2, and shows that K þ ions would be unstable in both the upper (B12) and lower (B23) planar sites by 2 ∼ 3 kcal∕mol. The Na þ PMF across S2 shows a deep minimum in the lower plane (B23), an elevated (by ∼4 kcal∕mol) shallow minimum in the cage (explaining why it was trapped there for some time), and an elevated shallow minimum in the upper plane (B12).
The PMFs across all filter sites, S0-S4, shown in Fig. 2 A-E (with convergence for the S2 site shown in Fig. S2 ), similarly reveal a minimum at the crystallographic site location for K þ , and wells for Na þ in the adjacent planar sites. In addition to the observation of distinct K þ and Na þ binding sites, it is interesting that the variation in free energy across each site is somewhat similar for K þ and Na þ . i.e., although this is not a complete Table 1 . Relative thermodynamic stability in selectivity filter sites, ΔΔGðK þ → Na þ Þ, from BAR-US (or BAR for unconstrained simulations)
Further detail is provided in Table S1 . A comparison of free energy methods is provided in Fig. S3 for individual coordination geometries.
PMF across the filter, it is evident that K þ would encounter a barrier as it passes each plane, and Na þ would encounter a barrier as it passes the cage, and they are not so different. This similarity suggests that once the K þ or Na þ ion enters the selectivity filter (in the presence of other K þ ions in a conducting-state conformation), rates of crossing the filter may be comparable.
We note that the PMFs in Fig. 2 are all consistent with the ΔΔG values for individual sites in Table 1 
We also note that the ΔΔG calculations in each planar site are approximately consistent between neighboring sites. e.g., ΔΔG for B23 is −3.7 AE 0.6 kcal∕mol when computed as the lower plane of S2 in a S0∕S2∕S4 configuration, and is −3.9 AE 0.3 kcal∕mol when computed for the upper plane of S3 in a S1∕S3∕Cavity configuration. We do observe in Fig. 2 , however, differences in both the K þ and Na þ free energies between the upper and lower planes of each site. Sites away from the center of the filter have obvious inherent asymmetry, due to the differing orientations of the carbonyls above and below the ion, different accessibility to water above and below, and the locality of other ions. In addition, the central S2 site may be asymmetric owing to the difference in valine 76 and glycine 77 interactions with the surrounding residues, the weak constraint used to prevent distortion of the filter to a non-conducting-state, as well as movements of K þ ions in other sites (S0 and S4) which differ when the ion moves to the lower or upper plane (Fig. S4) . The results in Fig. 2 have already accounted for the movements of other ions in the filter, as we now describe.
The Challenge of Multi-Ion Movements. The configuration resulting from a cage-plane movement as a result of a K þ → Na þ transformation can be unstable. Given time, other ions can adjust to accommodate this movement, as is especially the case for the S2 site due to the presence of two peripheral K þ ions (in S0 and S4). The sequence of events during unconstrained simulations (Fig. S1 ) reveals that, after Na þ moved from S2 to B23, the K þ in S0 eventually moved down to S1, and subsequently, the ion in S4 moved deeper into the S4 site, approaching the cavity. The adjustment corresponds to the shift, S0ðK
þ Þ∕CavityðK þ Þ, and resembles the S0∕S2∕S4 → S1∕S3∕Cavity change between the two low-lying configurations for K þ ions (6, 7) . Similarly, when the Na þ ion is moved to the upper plane of S2, the K þ ion in S4 moves to S3 after several hundred ps. i.e., S0ðK
likely a precursor to a knock-on event with an eventual configuration resembling S1∕S3∕Cavity. Thus, the transformation to Na þ may lead to just a single stable configuration, with implications for the multiion permeation mechanism. Fig. 3 reveals the effect on the free energy of the movement of the upper K þ ion (ion 1, originating in S0) relative to the central Fig. 2 . Free energy minimum ion positions (Left) and PMFs (Right) of K þ (pink) and Na þ (green) across all sites (A, S0; B, S1; C, S2; D S3; E, S4; using different horizontal scales for clarity). For S1, S2, and S3, the PMFs have been derived from multi-ion US. The Na þ PMF has been shifted such that the net relative free energy reproduces the overall ΔΔG for this site. S2 ion (ion 2), which has settled in the cage for K þ and the lower plane for Na þ . In the case where the S2 ion was K þ (pink curve), the preferred position of ion 1 remains S0. In the case where ion 2 was Na þ (green curve), the preferred position for ion 1 is S1, but with a shallow elevated minimum at the original S0 location. Therefore, when the S2 site is occupied by Na þ , which moves to the lower planar (B23), the K þ in S0, should, after some time, move to the S1 site, causing a drop in free energy by more than 3 kcal∕mol. Fig. S1 reveals similar movements of S1 and S3 ions during transformations within a S1∕S3∕Cavity configuration, suggesting the need to sample all ions inside the selectivity filter during a K þ → Na þ transformation.
We have carried out two-dimensional (2D) and three-dimensional (3D) US simulations for the S1∕S3∕Cavity and S0∕S2∕S4 configurations, respectively. The coordinates of other ions in the 2D or 3D PMFs were then integrated out to yield one-dimensional (1D) PMFs for the S1, S2, and S3 sites, as shown in Fig. 2 . These PMFs are generally consistent with 1D US simulations (Fig. S5) because the equilibrium distribution of other ions is dominated by a single low free energy multi-ion configuration, which was established prior to the 1D US simulations. However, improved multi-ion sampling will be seen to have small, though significant influence on the relative stabilities of K þ and Na þ ions.
Net Relative Stability of K þ and Na þ Ions. We would like to generate a meaningful measure of the relative thermodynamic stability of Na þ and K þ ions within the selectivity filter. Given that K þ and Na þ reside in different locations, such an FEP calculation is not straightforward (26) , requiring very long simulation times to sample ion positions during a transformation. One instead needs a method that enforces the sampling of an equilibrium distribution of the transforming ion's position, as well as the other ions inside the filter. To converge FEP calculations, one typically introduces a linear coupling parameter, λ, to slowly convert from one endpoint (K þ ) to the other (Na þ ), via thermodynamic integration (36) or the Weighted Histogram Analysis Method (37) . However, the simulation of such hybrid ions can lead to challenges in sampling the multi-ion configuration. E.g., for intermediate coupling parameter λ, a clear double well sampling problem exists for the upper S0-S1 ion during the transformation of the S2 ion (see Fig. 3C ; for λ ¼ 0.5, the Kramer's rate to escape S0 and move to S1 is ∼2.9 ns −1 ). We therefore must either enforce sampling of an equilibrium distribution of multiple ions for every λ value (through very long simulations or the use of US), or avoid ever simulating such hybrid ions in the first place.
The challenge in calculating a ΔG value for the perturbation K þ → Na þ by using only the endpoints, λ ¼ 0 (K þ ) and 1 (Na þ ), is that their configurations are so different, involving different cage and planar coordination structures of K þ and Na þ , as well as energy histograms (shown in Fig. S6A left) that do not overlap well. The inability of perturbation energy distributions to overlap is proof that simulations for K þ and Na þ are restricted to sampling different regions of configurational space leading to poor convergence of free energy estimates (see Fig. S6A middle and right). In fact, methods such as BAR rely on analysis of this distribution overlap and will fail. How can we ensure that these histograms overlap well for accurate calculations of relative stability?
Within the K þ channel selectivity filter, we're in a fairly unique position to address this challenge, because the different coordination geometries correspond to adjacent sites, and can be transformed by simply moving the ion in the z direction by a distance of the order of 1-2 Å. Moreover, we already carried out the simulations to connect these adjacent sites when we performed US simulations. Thus, if we combine the endpoint BAR calculation with US along z, we will sample not only the coordination geometries for the endpoints, but will have equilibrium paths connecting them (see Methods).
We now report measures of relative thermodynamic stability site-by-site, meaning that a crystallographic S site will be combined with the planar B sites above and/or below. One could alternatively assign just one planar site to each cage site, but would obtain fairly similar overall measures (at worst a kT ln 2 ≈ 0.4 kcal∕mol difference). Using BAR-US, we obtain good convergence (see Fig. S6B ) and calculate a net thermodynamic selectivity, ΔΔG, for the S2 region of just þ2.27 AE 0.05 kcal∕mol (∼50 fold in relative binding), revealing a loss of thermodynamic preference in that site from ∼5 kcal∕mol (>1;000-fold) for calculations based on the cage only. This result is not surprising given that the calculation encompasses both highly K þ -selective cage and Na þ -selective plane sites. This reduction in thermodynamic preference is observed for all sites (Table 1) , with only S2 and S3 maintaining some thermodynamic preference for K þ over Na þ , and with S0, S1, and S4 actually exhibiting an overall preference for Na þ ions. In separate simulations, the occurrence of carbonyl flipping led to a distorted filter conformation in which Na þ preferentially binds to the cage of S2 (Fig. S7) , possibly due to reduced strains for the partially coordinating cage with fewer ligands. In this geometry, we find a net ΔΔG of þ3.0 kcal∕mol, consistent with a previous estimate for the cage alone (38) . However, it is known that such a conformation leads to increased barriers for K þ permeation, suggesting a nonconducting channel (38) (39) (40) . Importantly, regardless of whether or not carbonyl flipping is permitted, we have demonstrated that the KcsA selectivity filter does not select K þ over Na þ ions by the extent previously suggested. We now offer an explanation for how this reduced thermodynamic preference could remain consistent with experimental evidence.
Rationalizing Selective Binding Experiments. The accepted experimental measurement of preferential binding of K þ over Na þ ions in the K þ channel selectivity filter comes from an analysis of Ba 2þ channel blocking single channel recordings (11, 12) . Ba 2þ blocks the channel inside the selectivity filter (41, 42) . The external binding of K þ or Na þ , at a site termed the "lock-in" site, can prevent Ba 2þ from escaping to the outside. By modeling the relief from Ba 2þ block [exponential fitting of off-rates in the longclosure regime (12) ] as a function of K þ or Na þ concentration, equilibrium constants for K þ and Na þ binding were found to have a ratio of ∼1;000 (11, 12) , corresponding to an energy difference of 4-5 kcal∕mol, which appears inconsistent with the above calculations.
The KcsA selectivity filter possesses two Ba 2þ binding sites, in S4 and S2 (toward upper plane of S2) (42) . We suggest that a filter occupied by Ba 2þ ions, to a significant extent in S2, could have considerable influence on the binding of K þ and Na þ ions in the external lock-in site above S2. We have shown in this study that this site would not be one single site, but rather distinct K þ and Na þ sites that will be influenced differently by Ba 2þ ions. As an aside, higher ion concentrations can promote inward dissociation of Ba 2þ ions; the so-called "enhancement" effect (11). We hypothesize that, at large external concentrations, K þ may bind to S2, with Ba 2þ residing in S4 only, as seen in an earlier structure (41), consistent with the stronger voltage dependence of this site (11, 41) . Here we focus only on the lock-in effect and determine the effects of Ba 2þ ions in S4 and S2 on relative binding of K þ and Na þ . Fig. 4C shows the PMFs for K þ and Na þ entering the filter from the outside, in the presence of K þ ions in S4 and S2 (dashed curves). It can be seen that binding of both ions is favorable, by 1-2 kcal∕mol, and that K þ binds at the crystallographic site of S0, while Na þ binds in the plane site B01, between S0 and S1 (Fig. 4A) . Interestingly, binding of Na þ is slightly stronger than K þ in the presence of only K þ inside the filter. Fig. 4C also shows the profiles when the filter is instead occupied by Ba 2þ ions, constrained to reside in both S4 and S2 sites (solid curves; noting that Ba 2þ resides in the S2 cage). The binding locations of K þ and Na þ remain S0 and B01 (Fig. 4B) , respectively, consistent with the weak voltage dependence of binding to a lock-in site near the extracellular solution (41, 43) .
The comparison of solid and dashed curves (see Fig. 4C ) highlights the detrimental effect that Ba 2þ ions have on external binding, creating a significant bias toward K þ . Because Na þ binds deeper inside the filter, it is affected more adversely by the Ba 2þ ion. Remarkably, the K þ ion is stabilized by nearly 1 kcal∕mol (possibly due to the alignment of coordinating water molecules), whereas the Na þ is destabilized by nearly 2 kcal∕mol. i.e., the relative stabilities are influenced by 2-3 kcal∕mol by the Ba 2þ ions. We have calculated the relative
to observe a change from 1.26∕2.19 ¼ 0.57 to 6.64∕1.00 ¼ 6.64 when Ba 2þ is introduced, corresponding to more than one order of magnitude change.
Intuitively, this effect should be greater if Ba 2þ were to reside near the upper plane of S2 (as in ref. 42 ). However, Fig. 4C (dotted curves) shows that binding of both K þ and Na þ is much weaker, due to the proximity of the Ba 2þ ion, and is also less selective. Though weaker binding may be consistent with recent data (43) , the precise free energies of Na þ vs. K þ may be sensitive to the model and the holding of the divalent ion in close proximity to K þ or Na þ . Despite potential variations with the choice of Ba 2þ locations, these calculations offer a means for reconciling the proposed reduced selective binding with experiments.
Conclusions
We have employed fully atomistic simulations to demonstrate that the KcsA selectivity filter consists of a series of crystallographic cage-of-ligand binding sites that are K þ -selective, separated by a series of plane-of-ligand binding sites that are Na þ -selective. Selective binding of ions to the crystallographic cage binding sites alone, which has been the focus of previous computational studies, does not capture the relative thermodynamic stability of K þ and Na þ inside the K þ channel pore. Instead, when K þ and Na þ are permitted to obtain equilibrium distributions of their positions within the selectivity filter, the net thermodynamic preference is dramatically reduced, by several kcal∕mol, even in the most selective S2 region.
We have provided a rationale for how experimental evidence for selective binding may exaggerate the preference for K þ relative to the physiological case, owing to a greater impact on Na þ ions which bind closer to the Ba 2þ ions. Because these experiments provide the most accepted estimate for the relative stability of K þ and Na þ ions in a K þ channel pore, we conclude that either this estimate should be downgraded (from ∼5 to ∼2 kcal∕mol), remaining consistent with experimental structures that indicate some preference for K þ over Na þ (30) , or perhaps even that thermodynamic stability is not the underlying cause of selective permeation in K þ channels.
Given the reduced thermodynamic preference for K þ , one can consider the possibility that selective permeation may instead originate from barriers that exclude Na þ ions from the pore. We notice that the external entrance barrier (for a prearranged S2∕S4 configuration) for Na þ is higher than that for K þ in Fig. 4 , by as much as 2 kcal∕mol. This increased entrance barrier originates from the Na þ binding site being located deeper inside the filter than K þ , with no stable Na þ coordination above the B01 planar site. In contrast, K þ can remain continuously hydrated as it only has to reach S0. However, this estimate of the dehydration barrier maybe insufficient to explain selective permeation of KcsA, as well as the absence of rapid external block by Na þ (2). Perhaps higher barriers for Na þ may arise due to the different multi-ion configurations for Na þ or K þ -Na þ mixtures. We previously showed, for the case of ion entry from the intracellular side, that the presence of Na þ , with different (by ∼1 Å) binding site locations, disrupts the optimized knock-on conduction mechanism of KcsA, leading to large permeation barriers (24) . We suggest that such an elevated barrier for Na þ may also exist for entry from the external solution.
For a long time it has been thought that there is no home for Na þ ions inside a K þ channel selectivity filter. We showed here that there exists much less preferential binding of K þ over Na þ within the selectivity filter of a K þ channel than previously thought. Unlike transporters, ion channels rely on short occupation times to facilitate rapid transit of permeant ions, and thus K þ ions cannot be too stable inside the selectivity filter. At the same time, protein backbone is known to be inherently capable of providing stable coordination of both K þ and Na þ , yet with Na þ requiring fewer ligands than K þ . Given that the K þ channel selectivity filter contains sites with both four or eight carbonyl ligands, perhaps it is no surprise that the K þ channel is capable of stabilizing both K þ and Na þ ions. This study has demonstrated the need to take a broader view of selectivity mechanisms, that does not focus solely on the properties of individual K þ binding sites, but which requires consideration of the multiple ion conduction process.
Methods
The fully atomistic MD simulation system, including the KcsA protein [PDB 1k4c (35) ] embedded in a hydrated dipalmitoylphosphatidylcholine mem- brane (Fig. 1) , has been simulated using the CHARMM program (44) , with details provided in the SI Text. K þ ions were placed and equilibrated in one of the two low-lying free energy configurations, S1∕S3∕Cavity or S0/ S2/S4 (6) (7) (8) . To prevent flipping of valine 76 carbonyl groups in the selectivity filter [possibly associated with a non-conducting-state (35, 38, 39) ], a weak dihedral constraint has been imposed, as done in previous studies [e.g., (45) ]. Simulations without this constraint are presented in Fig. S7 .
We have employed US (34) by combining a series of biased simulations (see SI Text), to calculate 1D PMFs across S0, S1, S2, S3, and S4. Observations of multiple ion movements led us to also carry out 2D and 3D US for multiple ions inside the selectivity filter, from which an improved 1D PMF was calculated using Eq. S10. 1D US simulations have also been used to study K þ and Na þ binding from outside the channel in the presence of either K þ or Ba 2þ ions (Fig. 4) .
Free energies of alchemical perturbation were computed for an ion held at a particular cage (eight carbonyl) or plane (four carbonyl) center of mass, using the S0∕S2∕S4 configuration to study K þ → Na þ transformations in S0, S2, or S4, as well as the S1∕S3∕Cavity configuration to study S1 and S3 sites. For unconstrained ΔG calculations, a flat-bottom constraint on the region, ranging from −10 to þ8 Å, was imposed. The results listed in Table 1 used the BAR method, with other FEP methods described in the SI Text. We calculated unnormalized histograms, H K þ ðΔUÞ and H Na þ ðΔUÞ, of the energy difference, ΔU ¼ Uðλ ¼ 1Þ − Uðλ ¼ 0Þ, from simulations with endpoints λ ¼ 0 (K þ ) and 1 (Na þ ), respectively. Bennett-based methods rely on examination of the overlap of these histograms, with the optimal estimate of the free energy obtained via the iterative BAR equations (Eqs. S5 and S6) (33) . However, in unconstrained simulations, following equilibration, BAR produced poor overlaps due to the slow rates of ion movement across a site (Fig. S6A) . We overcame this limitation by using the BAR-US method (see SI Text and Fig. S6B ; with a comprehensive study of applications of this method to be reported in future), where we introduced the conditional histogram of energy difference, given a particular value of z, H ion ðΔUjzÞ, where the simulated ion ¼ K þ or Na þ . After computing the normalized position density, ρ ion ðzÞ, we computed the energy histogram over the entire region, z 0 to z 1 Fig. S6B (left) , reveals excellent histogram overlap from use of Eq. 1 allowing for more accurate free energy calculation using the BAR approach (33) , involving the substitution of Eq. 1 into Eqs. S5 and S6. We remark that one could alternatively combine an FEP result for a single location (e.g., a cage) with the PMFs for K þ and Na þ across a site to obtain similar results (SI Text), but this does not make use of all perturbation data across the site, and thus we favor the more accurate BAR-US approach.
